Abstract. It has been suggested that the neonatal Fc receptor (FcRn) is a primary determinant of the distribution of IgG to the brain. In the present report, 125 I-labeled 7E3, a monoclonal IgG1 antibody, was injected intravenously to groups of FcRn-deficient mice and C57BL/6J control mice. Sub-groups of three mice were sacrificed at several time points. Blood and brain tissue were harvested and radioactivity was assessed. Antibody concentrations in brain were corrected for residual blood using 51 Cr-labeled red blood cells. Data were analyzed via WinNonlin, and areas under plasma and tissue concentration vs. time curves (AUCs) were assessed via the Bailer method. The apparent plasma elimination half-life and clearance of 7E3 were 13.61±0.61 days and 6.5±0.10 ml/day/kg in control mice and 0.70±0.05 days and 63.5±2.7 ml/day/kg in the knockout mice. Plasma and brain AUCs (0-10 days) were found to be 3,338.7± 50.4 and 7.46±0.5 nM day in control animals and 781.2±16.6 and 1.65±0.1 nM day in FcRn-deficient animals. There was no significant difference between brain-to-plasma AUC ratios in control and FcRndeficient mice (0.0022±0.00015 vs. 0.0021±0.00011, p=0.3347). Two-way analysis of variance showed no significant differences, at any time point, between brain-to-plasma concentration ratios determined from control and knockout animals. The results suggest that FcRn does not contribute significantly to the "blood-brain barrier" for IgG in mice, and the data suggest that FcRn is not responsible for the low exposure of IgG in the brain relative to plasma.
INTRODUCTION
In adult animals and humans, the neonatal Fc receptor (FcRn) is expressed within endothelial cells (1) , epithelial cells (2, 3) , hepatocytes (4), intestinal macrophages, peripheral blood monocytes, dendritic cells (5) , and at the maternal-fetal barrier (6) (7) (8) . FcRn expression has been demonstrated in vascular endothelial cells in the brain (9) , and Pardridge and coworkers have hypothesized that FcRn may play a role in the efflux of IgG from brain tissue, contributing to the "blood-brain barrier" (BBB) for IgG antibodies (9, 10) . Recent work published by Boado et al. described the use of a fusion protein that crosses the BBB, binds to amyloid beta (Aβ) fibrils, and is then transported out of the brain (11) . Their results are consistent with Fc receptor-mediated transport, and the authors concluded that FcRn is responsible for the efflux of the fusion protein. However, no data were provided to demonstrate convincingly that efflux was mediated by FcRn. In a second study, Deane et al. also suggested that FcRn effluxes Aβ-IgG complexes from the brain (12) . However, some of their data are inconsistent with the hypothesis that FcRn is the only, or primary, Fc receptor mediating brain efflux of IgG. For example, using FcRn knockout mice, the authors found that the administration of excess anti-Aβ IgG (4G8) resulted in a complete inhibition of 125 I-4G8 efflux. Additionally, the authors also reported that in the FcRn knockout mice, serum 125 I-4G8 levels were significantly reduced (>90%) upon central administration of excess unlabeled 4G8. These data suggest that additional Fc receptors mediate some, or all, of the observed efflux of IgG from the brain, thus raising questions regarding the role played by FcRn. In the present study, we applied a simple straightforward strategy to test the hypothesis that FcRn is a primary determinant of IgG exposure in the brain.
MATERIALS AND METHODS

Materials and Animals
β-2-Microglobulin knockout mice, lacking functional expression of FcRn, and C57BL/6J control mice, 19-22 g, were purchased from Jackson Laboratory (Bar Harbor, ME, USA). 7E3, a monoclonal murine anti-human anti-platelet IgG1 antibody, was produced and purified in our laboratory (13) . The 7E3 antibody demonstrates high affinity for human glycoprotein IIb/IIIa; however, the antibody does not bind to murine glycoprotein IIb/IIIa (14) . Water and food were provided ad libitum.
125 Iodine and 51 chromium were obtained from GE Healthcare (Piscataway, NJ, USA). All animal experiments were approved by the Institutional Animal Care and Use Committee of the State University of New York at Buffalo.
Radiolabeling of 7E3 with 125 Iodine
7E3 was radiolabeled with 125 I using a modified chloramine T method (15) . This method of iodination is relatively mild and has previously been shown not to affect the disposition of 7E3 (16) . We found that there was no significant difference (p>0.05) in the half-life (15.6±1.8 vs. 14.6±3.1 days) and clearance (CL; 6.2±1.4 vs. 5.7±1.0 ml/day/ kg) of labeled 7E3 compared to unlabeled 7E3 (16) . Briefly, 10µl of 125 I (100 mCi/ml) was added to 40µl of IgG (~2 mg/ml in phosphate buffered saline (PBS)), followed by addition of 20µl of 1 mg/ml chloramine T in phosphate buffer. The reaction was stopped after 90 s by the addition of 25µl of 2 mg/ml sodium metabisulfite in phosphate buffer and 40µl of 10 mg/ml potassium iodide in double distilled water. The mixture was immediately loaded on a Sephadex G-25 M prepacked column (GE Healthcare, Piscataway, NJ, USA). The mixture was eluted with PBS and 0.5 ml fractions were collected. In order to locate the labeled antibody, 2μl samples from each fraction were analyzed for radioactivity. Total concentrations of IgG were estimated by UV absorbance, assuming 1.35 AU= 1 mg/ml. The specific activity of the labeled preparation was approximately 10-15 mCi/mg. The radiochemical purity of the labeled preparation was >99% as confirmed by instant thin layer chromatography and immunoprecipitation. Labeled antibody was stored at 4°C until needed.
Radiolabeling of Red Blood Cells with 51 Chromium
To allow accurate determination of the quantity of residual blood in samples of brain tissue, 51 Cr-labeled red blood cells (RBCs) were prepared and co-injected with 125 I-7E3. Red cell labeling was based on the method proposed by the International Committee for Standardization in Hematology (ICSH) (17) . The 51 Cr method for estimating the volume of RBC (or the residual blood) has been designated as the ICSH-selected method "on the basis of reliability, reproducibility, and ease of operation in routine clinical use" (18) . The accuracy of this method has also been confirmed by a recent meta-analysis (19) . Briefly, 1 ml blood was collected from untreated anaesthetized mice. Blood was centrifuged at 150 g for 5 min. The supernatant was discarded and the pellet was washed three times with isotonic sodium chloride. The cells were reconstituted with 0.5 ml normal saline. Na 2 51 CrO 4 was added to the cell suspension and the mixture was incubated within a fume hood for 45 min at room temperature. The cell suspension was centrifuged at 150 g for 5 min and supernatant was discarded. Excess 51 Cr was removed by successive washing of the pellet with saline. The labeled cells were suspended in saline and radioactivity was measured by gamma counting.
Pharmacokinetics of 125 I-7E3 in Mice
Two days before the experiment, mice were given potassium iodide (0.2 g/l) in drinking water to block thyroid uptake of 125 I. 125 I-labeled 7E3, at a dose of 8 mg/kg and 400µCi/kg 125 I activity (~10µCi/mouse), was mixed with 400µCi/kg 51 Cr-labeled RBCs (~10µCi/mouse). Mice were anesthetized with 3% isoflurane and oxygen for induction and maintained at 2% isoflurane and oxygen, with the use of a nose cone, to facilitate the administration of the antibody-RBC mixture. The duration of anesthesia was less than 5 min. The mixture was injected via the penile vein to groups of FcRn-deficient mice and C57BL/6J control mice. At various time points (i.e., 1, 2, 6, and 12 h, 1, 2, 3, and 4 days for the FcRn knockout mice and 1, 2, 6, and 12 h, 1, 2, 4, 7, and 10 days for the FcRn control mice), sub-groups of three mice were sacrificed via exsanguination. Blood and brain tissue were collected and weighed in borosilicate glass culture tubes. 125 I and 51 Cr activities were measured in the samples via gamma counting (LKB Wallac 1272, Wallac, Turku, Finland). The blood-to-plasma concentration ratio was calculated to be 0.55±0.045 and was used to convert blood concentrations to plasma concentrations. Previous work conducted in our laboratory has shown that following 125 I-labeled 7E3 administration to mice, >90% of the radioactivity associated with blood and with various tissues is trichloroacetic acid precipitable, at all time points, up to 10 days (16). Radioactive counts were corrected for background and decay. The amount of residual blood within each brain sample, expressed as grams of blood per gram of brain, was calculated as the ratio between 51 Cr counts per minute per gram of brain and counts per minute per gram of blood (20) . These values were converted into milliliters of blood per gram of tissue using 1 g/ml as the density of blood. Brain samples were corrected for residual blood content using the following equation:
In 
Pharmacokinetic Analysis
Pharmacokinetic parameters for the plasma data were assessed using the standard non-compartmental techniques in WinNonlin version 5.0 (Pharsight Corporation, Palo Alto, CA, USA). Plasma and brain AUCs were calculated using the Bailer method (22, 23) .
RESULTS
7E3 concentration-time profiles in plasma and in the brain of control and FcRn-deficient mice are shown in Fig. 1 . Brain-to-plasma AUC ratio values in control and knockout mice are presented in Table I and Fig. 2 . Consistent with results obtained by other investigators, we found that control animals showed little distribution of IgG to the brain, as indicated by the low brain/plasma AUC ratio (0.0022±0.00015). Nearly identical results were obtained from FcRn-deficient mice, where the brain/plasma AUC ratio was 0.0021±0.00011 (p=0.3347 for the comparison of control vs. knockout AUC ratios). Furthermore, two-way analysis of variance showed that there were no significant differences between the control and the knockout animals in the brain-to-plasma concentration ratios at all time points (p>0.05).
The plasma CL, as calculated by non-compartmental techniques in WinNonlin, for control and knockout animals were 6.5±0.10 and 63.5±2.7 ml/day/kg, respectively. The plasma half-lives for control and knockout animals were 13.6±0.6 and 0.70±0.05 days, respectively. Similarly, brain half-lives for control and knockout animals were found to be 6.5±2.1 and 0.8±0.1 days, respectively. The plasma CL and half-life values in control and knockout animals are comparable to values reported in the literature for both iodinated (16) and unlabeled (24) IgG1 monoclonal antibody 7E3. The residual blood content in brain, expressed as percentage of residual blood (milliliters blood per 100 g tissue), was found to be 0.96±0.19% for the control animals and 0.97±0.44% for the knockout animals.
DISCUSSION
In 1964, Brambell and coworkers proposed the existence of a transport protein that functions to protect IgG antibodies from catabolism (25) . The transporter was first isolated from neonatal rat intestinal epithelium and was thus named as the Fc receptor of the neonate (26) (27) (28) . The receptor has been shown to be a heterodimer of β2-microglobulin (β2m) and a major histocompatibility complex class 1-like α-chain (29), and it is now known that FcRn is expressed in a wide variety of adult tissues, including epithelial cells (2,3), hepatocytes (4), intestinal macrophages, peripheral blood monocytes, dendritic cells (5), and vascular endothelial cells (1) . Studies conducted in vitro have shown that FcRn facilitates IgG transport across monolayers in a bidirectional manner (i.e., in the apical-to-basolateral and in basolateral-to-apical direction) (30) , suggesting that FcRn may play an important role in the extravasation and distribution of IgG. Zhang and Pardridge proposed an Fc receptor-mediated "reverse transcytosis" of IgG from the brain to blood direction (10) . Later, using 1G3 (an anti-rat FcRn antibody), Schlachetzki et al. found expression of FcRn at the BBB (9). These results, in combination, have led to the hypothesis that FcRn actively To test the hypothesis that FcRn is a primary determinant of brain exposure to IgG, we studied the plasma and brain pharmacokinetics of systemically administered 7E3 in control and FcRn-light chain (β2m) knockout mice. If FcRnmediated efflux is a significant determinant of brain exposure, this would be indicated by increased brain exposure in the β-2-microglobulin knockouts, which do not express functional FcRn. Our simple experimental design is similar to that used in a wide array of studies that have investigated the role of specific transporters (e.g., p-glycoprotein) as determinants of the brain exposure of specific substrates (31) (32) (33) (34) (35) (36) . Although it may have been preferable to use FcRn-heavy chain knockouts, these animals were not commercially available at the time of our study. β2m knockouts have been used for the vast majority of experiments assessing role of FcRn in IgG disposition (37) (38) (39) , and prior work has shown that there are only slight differences in IgG half-life in β2m knockouts and heavy chain knockouts (1.4 days in the FcRn knockout vs. 1 days in the β2m knockouts compared to 9 days in the FcRn wild-type mice) (40) .
Following intravenous administration of 125 I-labeled 7E3, we found that control animals showed little distribution of the mAb to the brain, as the cumulative exposure of 7E3 in plasma was approximately 500-fold greater than the cumulative exposure of 7E3 in brain tissue. Relative to results observed in control animals, FcRn-deficient mice showed much lower 7E3 exposure in plasma, which is consistent with the absence of FcRn-mediated protection of IgG from catabolism. The ratio of brain and plasma 7E3 exposure in FcRn-deficient mice was nearly identical to the results found in wild-type mice (p=0.3347 for the comparison of control vs. knockout AUC ratios). As such, this study strongly suggests that FcRn does not play a significant role in limiting or facilitating IgG distribution to the brain.
It is important to note, however, that the present investigation has not attempted to assess the significance of possible compensatory adaptations to FcRn deficiency. It is possible that FcRn-deficient animals up-regulate the expression of transport proteins that efflux IgG from the brain, such that the knockout mice fully compensate for the absence of FcRn-mediated IgG transport. Such functional adaptation, while clearly possible, is perhaps not very likely. FcRn inhibitors might allow for a more-direct evaluation of FcRnmediated transport; however, specific inhibitors are not yet available.
CONCLUSIONS
In conclusion, this study provides direct evidence demonstrating that FcRn does not contribute significantly to the blood-brain barrier for IgG in mice, and the present data suggest that FcRn is not responsible for the low exposure of IgG in the brain relative to plasma.
